Abstract Polyamines play an essential role in biofilm formation of diverse Gram-negative and Grampositive bacteria. Biosynthetic pathways and transport systems for diverse polyamines have been identified as key components of bacterial biofilm formation.
Polyamines are linear, organic polycations that are fully protonated at physiological pH and are found in most bacteria. Whereas the asymmetrical polyamine, spermidine H 2 N(CH 2 ) 3 NH(CH 2 ) 4 NH 2 , is widespread in bacteria, the shorter symmetrical version norspermidine, H 2 N(CH 2 ) 3 NH(CH 2 ) 3 NH 2 , is limited mainly to Vibrio species and extreme hyperthermophiles (Hamana and Matsuzaki 1992) . It is not known if there is a common function of polyamines in bacteria but recently a role for polyamines in biofilm formation was identified in the cholera agent Vibrio cholerae (Karatan et al. 2005; Lee et al. 2009 ), the plague bacterium Yersinia pestis (Patel et al. 2006) , the model Gram-positive species Bacillus subtilis (Burrell et al. 2010) , and in E. coli (Sakamoto et al. 2012) and Neisseria gonorrhoeae (Goytia et al. 2013) . Biofilms are multicellular communities of bacteria encased in an extracellular matrix of exopolysaccharide, protein and sometimes DNA. In V. cholerae, extracellular norspermidine enhances biofilm formation but elimination of intracellular norspermidine by mutation of genes encoding norspermidine biosynthetic enzymes leads to inhibition of biofilm formation. This defect of biofilm formation is rescued by provision of exogenous norspermidine that is imported into the cell (Lee et al. 2009 ). Exogenous norspermidine enhances biofilm formation in V. cholerae by a mechanism that is dependent on the presence of two proteins, NspS and MbaA. NspS is homologous to PotD and PotD1, periplasmic substrate-binding proteins of E. coli and V. cholerae ABC-type transporters for spermidine, whereas MbaA is predicted to be an integral membrane protein that also contains GGDEF and EAL domains, and therefore is likely to be involved in signal transduction using the second messenger cyclicdi-GMP (Karatan et al. 2005) . The same system is also responsible for responding to exogenous spermidine, which inhibits biofilm formation (McGinnis et al. 2009 ). In addition, deletion of the potD1 gene in V. cholerae results in a much higher propensity to form biofilms, indicating that PotD1 is a repressor of biofilm formation (McGinnis et al. 2009 ). Under most conditions, V. cholerae does not synthesize any appreciable amount of spermidine, and therefore the potD1 mutants are devoid of this polyamine. Whether PotD1 directly inhibits biofilm formation or its effect is an indirect consequence of elimination of intracellular spermidine is currently unknown. In summary, norspermidine enhances V. cholerae biofilm formation whereas spermidine represses it both as extracellular signals and as intracellular metabolites.
Mutants of Y. pestis lacking both speA and speC genes, encoding enzymes in two different biosynthetic pathways for the spermidine precursor putrescine, are unable to form biofilms (Patel et al. 2006 ). This defect can be rescued by exogenous putrescine that is imported into the cell whereas exogenous spermidine cannot be taken up (Wortham et al. 2010 ). Because Y. pestis is able to synthesize spermidine using putrescine, it is equally likely that spermidine rather than putrescine directly affects biofilm formation. Absence of putrescine and spermidine also leads to a large reduction in the levels of the hemin storage (Hms) proteins, HmsR, HmsS, and HmsT, which are necessary for biofilm formation (Wortham et al. 2010) . HmsR and HmsS are involved in the production of the biofilm polysaccharide b-1,6-N-acetylglucosamine and HmsT is an integral membrane diguanylate cyclase that can synthesize cyclic-di-GMP. Thus, polyamines exert their effect on Y. pestis biofilms in part by maintaining adequate production of several key proteins involved in biofilm formation.
Two types of biofilm are formed by the model Gram-positive species B. subtilis: those formed on solid surfaces are known as colony biofilms and are characterised by a wrinkled morphology; those formed at a liquid-air interface are known as pellicles. Genetic abrogation of spermidine biosynthesis in B. subtilis significant decreases both colony and pellicle biofilm formation that are then restored by provision of exogenous spermidine (Burrell et al. 2010) . Similarly, a mutant of putrescine and spermidine biosynthesis in E. coli also reduces biofilm formation (Sakamoto et al. 2012) . Formation of biofilms in B. subtilis, Staphylococcus aureus and E. coli was found to be inhibited by exogenously supplied norspermidine (Kolodkin-Gal et al. 2012) , whereas the tetraamine spermine but not norspermidine inhibited biofilm formation in Neisseria gonorrhoeae (Goytia et al. 2013 ).
In conclusion, polyamines act on different aspects of biofilm formation, both extracellularly and intracellularly. Norspermidine plays an opposite role in biofilm formation in V. cholerae, where it promotes biofilm formation, compared to in B. subtilis, where it is inhibitory. So far, polyamines have been shown to be required for or influence biofilm formation in both Gram-negative and Gram-positive bacteria but it would be interesting to know if there are bacteria that have no requirement for polyamines in planktonic growth and/or formation of biofilms.
